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Abstract

Surface enhanced Raman spectroscopy (SERS) data of W in acidic solution were
characterized by modes associated with hydration (WO,(H,0),, 942 cm™) as well as modes
characteristic of WO, (816 cm™). At applied anodic potentials the WO,(H,0), content in the oxide
was greater than the WO, content, while at applied cathodic potentials the WO, content was larger.
These results are consistent with a bi-layer film on W in acidic solution which consists of a
compact inner layer of WO, and an outer layer of WO,(H,0),. Rotating disk electrode experiments
(RDE) demonstrated that the passive dissolution (i ) of W in acidic solution increased with the
angular velocity of the electrode. Anincreaseini . and a corresponding decrease in the thickness
of the surface layer with increasing angular velocity is consistent with a reversible dissolution
mechanism where dissolution is limited by the mass transport of aloosely bound WO,(H,O), layer
from the surface. Electrochemica impedance spectroscopy measurements found that W
dissolution in acidic solution was associated with an adsorption pseudocapacitance presumably due
to the outer WO,(H,0), layer. The value of this psuedocapacitance increased with increasing
angular velocity indicating thinning of the layer consistent with RDE and SERS results. Results

for W in akaline solution are a so presented.



Introduction

Thermodynamically, tungsten trioxide (WO,) is reported to be stable in acidic
environments(1). However, the relatively high dissolution rate of WO, in acidic solution has long
been recognized by those investigating the mechanism of WO, coloration (electrochromism) for
application in the flat panel display industry(2). To date the exact mechanism by which this
dissolution process occurs remains elusive. While in alkaline environments the dissolution of
WG, is both thermodynamically favorable and experimentally observed, there has been no general
agreement on the dissolution mechanism. The present study has focused on the role of the native
oxide in the dissolution mechanism of tungsten in both acidic and akaine environments. To
examine oxide composition, structure, and hydration as a function of solution pH and applied
potentia in situ, surface enhanced Raman spectroscopy (SERS)(3) was employed. In addition,
electrochemical impedance spectroscopy (EIS)(4, 5, 6) was used in conjunction with rotating disk
electrode (RDE) experiments to examine the effects of mass transport on the native tungsten oxides

as afunction of solution pH and applied potential .

Background
Tungsten Electrochemistry While there have been several investigations of the anodic
dissolution of W in alkaline solutions(7, 8, 9) the exact reaction mechanism is not widely agreed
upon. Armstrong, Edmondson, and Firman studied the dissolution process for W in akaine
sodium hydroxide and sodium carbonate solutions(10). In this study, the stoichiometry of the

reversi ble dissolution reaction was determined to be:
WO 3(surface) U WO3(SO| ution)

It was also recognized that the WO, surface species may take the form of WO,(H,0) It was

surface”

theorized that dissolution of WO, in alkaline solution was followed by a much slower reaction to

the more thermodynamically stable species:

WO gqiuion) +20H U WOZ’ + H,0



In alater study, Kelsey(11) demonstrated that the W dissolution reaction mechanism has a first
order dependence on hydroxyl (OHY) concentration.

There have also been a number of studies of W dissolution in acidic environments. El-
Basiouney et al. concluded that the dissolution of WO, in acidic media occurs via the formation of
a WO,” surface species(12, 13). Johnson and Wu, used open circuit potentia (OCP) and
potentiostatic polarization measurements to correlate tungsten electrode potentials in acid with
regions of thermodynamic stability for various tungsten oxides(7). In these studies Johnson
qualitatively determined that, when placed in acidic solution, W forms a protective oxide,
presumably W,O;. Upon anodic polarization W, O, was believed to be oxidized to WO,. In
addition, Johnson and Wu speculated that the dissolution process in acidic solution occurred via
the hydration of WO, to WO,(H,0). In amore thorough study, Reichman and Bard described the
kinetics of the electrochromic process (coloration of WO, oxides) in acidic media(2). They used
cyclic voltametry and infrared spectroscopy to demonstrate that the water content of WO, films (for
both anodically formed and evaporated oxides) increased with increasing number of
anodic/cathodic potential cyclesin acidic solution. Moreover they showed that the electrochromic
process was enhanced in those films with the highest water content.

More recently, Macdonald et al. have characterized oxide film growth on tungsten in acidic
solutions(14, 15, 16). In these studies, Mott-Schottky analysis of the passive film on tungsten
was used to examine defect structure. To examine eectronic state, photoelectrochemical

impedance spectroscopy was employed. It was shown that passive film growth occurred at arate
of approximately 22 & /\V. Correspondingly, the donor density within the vicinity of the metal/film

interface (electron donors, presumably oxygen vacancies) decreased with increasing voltage.
These results were rationalized in terms of the Point Defect Model(17). Specifically, the PDM
predicts that cation vacancies are produced at the film / solution interface, then diffuse to and are
annihilated at the metal / film interface while oxygen vacancies that are formed at the metal / film

interface diffuse to and are consumed at the film / solution interface.



Surface Enhanced Raman Spectroscopy  Traditiona Raman spectroscopy has been used

successfully to characterize the coloration processin WO,(18). In these experiments hydrated
films of amorphous tungsten oxide (1500 e ) were deposited onto aluminum substrates. After

several anodic/cathodic potential cyclesin acidic solution, the Raman spectra of these films were
characterized by peaksin the 950 cm* region of the Raman spectrum consistent with WO,(H,0),
formation

Because the intensity of Raman signals are inherently weak (i.e., "bulk concentrations” are
typically required), traditional Raman spectroscopy is not suitable for analyzing the thin oxides
formed on W, as these films are generally less than 10 nm in thickness. However, researchers
investigating adsorption of thin layers on metals found that gold substrates enhanced the Raman
signal from adsorbates even for those layers which were only afew monolayers in thickness(19,
20). The origin of this enhancement is still a subject of controversy, but has been attributed to
either chemical(21) or electromagnetic effects(22) and has been named surface enhanced Raman
spectroscopy, or SERS.

More recently, investigators have found that the electrodeposition of discontinuous
silver(3, 23, 24, 25) or gold(26) spheres (less than 50 nm in diameter) onto the native oxides
formed on Ni and Fe electrodes also produced a Raman enhancing effect. Because the passive
oxide produces a unique signal which is related to hydration, structure (i.e. co-ordination of
atoms), and composition the SERS signal from a passive film is easily separated from Raman
scattering owing to solution. SERS studies have demonstrated that the passive film on Ni was an

amorphous hydrated oxide (presumably Ni(OH),)(26), while passive Fe is covered by a mixed

Fe,O, and g-Fe, O, oxide(3, 27, 28).



Experimental
The samples evaluated in this study were fabricated from 99.96 at% tungsten. After
making the electrical contact, each sample was mounted in epoxy and ground with successively

finer grits of SIC paper and finished with alumina on a polishing wheel. The final mechanical

polish being 0.3 mm alumina. In some cases this was followed by a chemi-mechanical polish with

colloidal silica (0.06 nm, pH=10).

The solutions used in thisinvestigation were: 1) sulfuric acid (pH 1.6), 2) 0.50 molar (M)
boric acid/ 0.05 M sodium borate (pH 7.2), and 3) 0.25 M sodium borate / sodium hydroxide (pH
10.6). All solutions were made with reagent grade chemicals and deionized water. As noted in the
text, some solutions were deaerated with ultra high purity argon for 18 hours prior to immersion of
the sample while others were bubbled with laboratory air. To eliminate chloride contamination, a
mercury / mercury sulfate reference electrode (MM SE; +0.640V vs. normal hydrogen electrode
(NHE)) was used. For the sake of clarity, all potentials are referenced vs. saturated caome
electrode (SCE, +0.241 vs. NHE).

Potentiodynamic polarization curves were generated at a scan rate of 0.1 mV/s in the
potential region between -0.100 V vs. OCP and approximately +1.4 V vs. SCE. These curves
were generated after 1 hour at the OCP to allow steady state to be achieved. EIS data were
generated both at the OCP and at applied anodic potentials over the frequency range of 1x10* to
1x10° Hz. Data at applied anodic potentials were taken only after the current reached steady state
(approximately 20 to 60 minutes). RDE experiments were carried out at rotation rates from 50 to
2000 revolutions per minute (rpm).

Surface Enhanced Raman experiments were performed with an Ar* pumped Ti sapphire

laser. Excitation was at 715 nm with an average power of approximately 50 x10° watts and a

focused spot diameter of approximately 200 nm. The incident light formed a 60° angle with the

normal of sample surface. The scattered light was also collected at this angle. Data were collected

over the range of 200 to 1200 cm™ and calibrated with respect to the neon line spectrum. A liquid



cooled 298 x 1152 pixel CCD coupled to a 1/4 m spectrometer was used for detection giving 1152
points per scan. Although the data collection parameters varied slightly, atypical SER spectrum
was obtained by averaging ten, 60-second scans. Prior to the SERS experiments a thin,
discontinuous layer of gold spheres measuring approximately 50 nm in diameter (Figure 1) was
potentiostatically electrodeposited at -0.90 V SCE onto each sample surface from a quiescent
5x10* M AuCl, solution. Approximately 30 x10° Coulombs/cm? of charge was passed during
each plating operation. Using a greater charge density resulted in columnar growth of the Au and
little to no SERS enhancement. Asin the EIS experiments, SERS data at applied anodic and

cathodic potentials were taken only after the current reached steady state.

Results

SERS of Win Air and Deionized Water To examine the composition and structure of the
native oxides and surface species which form on W, SERS was employed. In these experiments,
Au was electrodeposited onto the W el ectrode to be examined in the manner discussed above. This
layer was not found to alter the potentiodynamic polarization curves for W (not shown) whichis
consistent with other SERS investigations for iron and nickel (27, 28, 29). The SER spectrafor a
W electrode in air and in deionized / deaerated water are presented in Figure 2. Both spectraare
identical in shape, characterized by several overlapping bands in the 600 to 1000 cm™ region of the
plot.

An additional SER spectrum of the oxide formed on W in air is presented in Figure 3. In
this figure the region of measurement has been extended to 200 cm™. Curve fitting analysis of
these data finds that the SER spectrum for the native oxide on W was characterized by as many as
8 modes in the 200 to 1000 cm™ region. The approximate position of each mode is shown.
Statistical analysis of the peak positions in the 700 to 1000 cm™ region from six SER spectra found
modes at 942+/- 7 cm™*, 897 +/- 10 cm™, 816 +/- 6 cm™, and 718 +/- 6 cm™. The band at 942 cm™*
is assigned to the A, phonons of the WO,(H,0), lattice as observed by other investigators (30, 31,

32, 33). An example of this mode in WO,(H,O) is presented in Figure 4. In thisfigure the



traditional Raman spectra, measured with the 514.5 nm line of an Ar ion laser, for powders of
WO, and WO,(H,0) (tungstite) are presented. In the case of tungstite, the unit cdl of the
orthorhombic crystal consists of four distorted octahedra(34). One of the axial oxygen positionsin
the octhedra can be occupied by a structural water molecule (Figure 5). This oxygen is associated
with amuch longer single bond than the opposite axial oxygen which forms the W=0 double bond
(referred to as the terminal bond) and is associated with amode at 943 cm™. The band at 376 cm™
islinked to the stretch of the W-OH,(30) while the broad asymmetric band peaking at 630 cm™ is
probably associated with stretching motions within the equatorial plane.

The modes at 816 and 718 cm™ in the SER spectrum for W in air have been assigned to the
A, phonons of the WO, lattice (Figure 4). The unit cell of the WO, crystal consists of eight corner
sharing distorted and tilted WO, octahedra which form the unit cell(33, 35, 36). The bands at 253
and 334 cm™ observed in the SER spectrum are likely associated with bending or deformation
motions of the O-W-O equatoria bonds within the octhedra of crystalline WO,. Literature values
for these Raman modes are 267 and 330 cm™ (30, 33).

In order to check the symmetry of the modes in the SER spectrum, we have measured the

effect of polarized light on the bands in the region from 600 to 1000 cm™. Using a polarization

analyzer, the portions of the scattered light beam polarized parallel (1) and perpendicular (1.) to the
incident beam were observed. The depolarization ratio r = 1./1, for the standard CCl, was

measured and gaver = 0.02 for the A ; symmetry mode, in agreement with the accepted value for

that band (37). In general, polarized bands, which can arise only from totally symmetric modes,
exhibit O£ r £ 0.75, whereas unpolarized modes will giver = 0.75. Figure 6 shows the optically
polarized SER spectrafor W coated with silver (Ag) spheres. The lineshapes are similar to what
we observed for Au-coated W, but are redshifted by about 35 cm™. This shift may indicate that the

dominant mechanism for the surface enhancement of the tungsten oxide modes is charge transfer

between the oxide and the Au or Ag coating, which mediates the force constants that determine the



frequencies of vibration. Wefind that 0.4 £ r £ 0.6 across the spectral region from 650 to 950

cm®.  This agrees with the A, symmetry assignments of the 718 and 816 cm’ modes for
monoclinic WO, (37) and shows that the bands at 897 and 943 cm™ are due to totally symmetric
modes that we attribute to the hydrate.

While the origin of the band at 897 cm™ is not entirely understood, a band at approximately
885 cm' has been measured by Aveston in the Raman spectrum of crystaline
Na,,W,,0,,(H,0),..(38).

To summarize, the SER spectrum of the air formed oxide on W in the range of 700 to 1000
cm* was characterized by modes at approximately 942, 897, 816, and 718 cm™. For each of these
modes in the SER spectra, there exists a corresponding mode in the traditional Raman spectra of
either WO, or WO,(H,0O) powders. From these results it may be concluded that the air formed
oxide on W contains both WO, (possibly crystalline) and WO,(H,0),.

SERS of Win Acidic Environment Representative SER spectrafor W in pH 1.6, sulfuric
acid (ambient aeration) as a function of applied cathodic potential are presented in Figure 7. For
comparison the SER spectrum for W in air (measured just prior to immersion in solution) is also
presented in this figure. In each of the in situ spectra, the small sharp peak at approximately 982
cm* owes to the sulfuric acid solution and is not associated with W or its oxides(39). While an
arbitrary value was added to each spectrum for clarity of presentation, no multiplication factor was
used. Thus, the relative peak intensities in Figure 7 can be compared. To aid in identification of
peak positions, reference lines at 900, 800, 350, and 200 cm™ have been added to the plot. Each
of the applied potentials used in this experiment represent a different region of the Pourbaix
diagram as shown in Figure 8. Asseenin Figure 7, the SER spectrum taken in solution at the
OCP (+0.02 V SCE) was similar in shape to the SER spectrum for W in air although the intensity
of the scattered light is much greater.

After the SERS data were acquired at the OCP, the sample was cathodically polarized to
-0.51V SCE. Whilethispotential is0.055 V more negative than the W reduction potentia at this

pH (Figure 8), no indication of the reduction of W oxide was found in this SER spectrum.



Moreover, the signal-to-noise ratio at -0.510 V SCE was greater than that measured at the OCP. A
Gaussian curve fit of the SERS datataken at -0.51 V is presented in Figure 9. Asseen in this
figure, a one-to-one correspondence between the fitted peaks at -0.510 V and the fitted peaksin air
(Figure 3) was found. What appears to be a shift in the position of SERS peaks in the 900 cm™
region of the plot in Figure 7 is explained as a change in the relative heights of the 943, 899, and
803 cm™ peaks. Analysis of the relative peak heights as a function of applied potential is presented
later in this paper.

After polarization at -0.51 V SCE for approximately 1 hour, the W electrode potential was
stepped to more positive potentials and additional SER spectra were measured. At -0.39 V SCE,
the SER spectrum for W was characterized by peaks at the same positions noted in the -0.51 V
spectra. However, the ratio of the relative peak heightsin the 700 to 1000 cm™ and 200 to 500
cm* regions of the plot changed. Thermodynamically, this potential isin aregion of WO, stability
(Figure 8). Following polarization at -0.390 V, the applied potential was stepped to -0.200 V
SCE. Thermodynamically, this potential isin aregion of WO, stability (Figure 8). At -0.200 V
SCE, the SER spectrum for W was characterized by peaks at the same positions noted in the
-0.390 V spectraindicating that no change in the crystal structure and, therefore, no change in the
oxidation state of the oxide film occurred in stepping the potential from -0.51 V t0-0.39 V or from
-0.39V t0-0.20 V.

Typical SER spectrafor W in H,SO, as afunction of applied anodic potential are presented
in Figure 10. Once again an arbitrary value was added to each spectrum for clarity of presentation,
and reference lines at 900, 800, 350, and 200 cm™ are also shown in this figure. The shifting of
the composite peak in the 912 cm™ region of the plot is again explained by a changein the relative
heights of the 942, 897, and 816 cm™ peaks. A plot of the ratio of the 942, 897, and 816 cm™
peak heights as a function of applied potential is presented in Figure 11. Asseenin thisfigure the
relative height of the peak associated with WO,(H,0), (942 cm™) is maximum at applied anodic
potentials. In contrast, the peak associated with WO, (897 cm™) is maximum at applied cathodic

potentials. From thisresult it may be concluded that the anodic polarization of W in acidic solution



is associated with an increase in the WO,(H,0), content while at applied cathodic potentias, the
WG, content isincreased. Other Raman investigations of thin film W oxides (WO,(H,0), ,,),
have shown that dehydration was characterized by a decrease in the 950 cm™ mode and a
corresponding enhancement in the bansds located in the 600 to 900 cm™ region(40).

SERS of Win Alkaline Environment Typical SER spectrafor W in pH 10.6 solution as a
function of potentia are presented in Figure 12. Raman modes from the solution were observed at
approximately 725 cm* as noted in this figure. The SERS data for W in base at the OCP are
characterized by 10-12 Raman modes. 4 modes in the 1000 to 1200 cm™ region, 1 mode at 937
cm* and 5 to 6 modes in the 410 to 590 cm™ region. No bands at 897, 816, and 718 cm™ appear
in the SER spectrum of W in akaline solution. In addition, the band at 937 cm™ is not the primary
mode in this spectra (as indicated by itsrelative height). For thisreason it islikely that this peak is
not associated with ashifting of the A, phonons in WO,(H,0), lattice observed at 943 cm™in the
SER spectrafor W in sulfuric acid above. The origin of the SERS modesin the 410 to 590 cm™
region and the 1000 to 1200 cm™ regions are presently not understood. Currently no W oxide,
compound, or ionic speciesis known to have fundamental vibrations in these regions.

At-1.1V SCE, (63 mV more negative than the reduction potential at this pH) the band at
937 cm™ is no longer observed. In addition, with the exception of the peaks observed in the 410
to 590 cm™ region of the spectrum it appears that none of the bands observed at the OCP are
present in the spectrum at -1.1 V SCE. Considering that this potentid is in a region of W°
thermodynamic stability and a decrease in the total number of peaks in the SER spectra was
measured, it is reasonable to conclude that the oxide which forms on W in akaline solution is at
least partially reduced at cathodic potentials. Recall that reduction of the native oxide was not
observed in pH 1.6 solution.

Due to rapid dissolution of W at applied anodic potentials in akaline environment,
reproducible SERS data were not obtained above the OCP.

Effects of Mass Transport Potentiodynamic polarization curves for W as a function of

solution pH are presented in Figure 13. As can be seen in this figure, neutra and akaine

10



solutions were associated with lower OCPs and higher anodic dissolution rates than observed in
acidic solution. While the anodic current densities in the pH 1.6 solution were relatively low, they
were an order of magnitude higher than those associated with the passivity of, for example,
stainless steels, tantalum, or aluminum (41, 42, 43). However, the reverse scan for W in pH 1.6
was associated with a negative hysteresis and a more positive second OCP as observed in other
passive metals and is attributed to oxide film growth.

The effects of mass transport on the passive dissolution rate were examine with the RDE
technique. These experiments found that the passive current density (i) in acidic solution was

related to the angular velocity of the electrode. Asseenin Figure 14, i . increased from 11

mA/c? in the absence of rotation to approximately 82.5 mA/on? at w*? = 14.5 (w in radians/s).

No increasein i was observed at greater angular velocities. This phenomenon has also been

observed for the Fe/ H,SO, and Fe/H,PO, systems(44). Keddam et al. found the increase in i

to be small for the Fe / H,SO, system, changing only from 0.90 mA/cn* in quiescent solution to

0.99 mA/en? for w'? = 28.9. At values of w"? greater than 28.9, Keddam found no further

increaseini . with increasing rotation rate. The relationship between the iron passive current

density and angular velocity was attributed to the adsorption / desorption of a hematite film on the

Fe surface. Here, for the W / H,SO, system, theincrease in i . with increasing w is associated
with the desorption of WO,(H,0), from the electrode surface. Thislayer exists as aloosely bound
intermediate in the dissolution process and is in equilibrium with the diffusion boundary layer in a
manner similar to that described for the passive film on iron(44).

EIS experimentsfor W in pH 1.6 sulfuric acid were performed at an applied anodic
potential of 0.2V SCE both with and without rotation (Figure 15). In quiescent solution the EIS

data were characterized by two RC time constants. While the impedance data below 0.025 Hz may

appear to follow the formula for diffusional impedance as expressed by Warburg: Z,, = s(jw)™?

(45, 46) (expressed in Figure 15 as a dashed line with slope = -1), an RC time constant gave a

11



better fit. This point may be seen more clearly during EIS-RDE experiments where the low
frequency limit of the time constant was within the measured frequency range (Figure 15). This
behavior was also observed both in neutral (Figure 16) and akaline solutions, and has been
attributed by other investigators to the adsorption phenomena(44).

The equivalent circuit (EC) used to model the adsorption phenomenais presented in Figure
17 (47, 48, 49) where: R, is the impedance associated with the charge transfer reaction, C, is the
capacitance associated with the double layer, R, represents the impedance associated with an
adsorbed speciesthat isin equilibrium with the diffusion boundary layer, and C is the capacitance
associated with this adsorbed species (often referred to as an adsorption psuedocapacitance(50,
51). Here, the outer WO,(H,0), layer (described in the SERS and RDE experiments above) is
believed to give rise to the adsorption phenomenon for W in acidic solution. A typical complex
non-linear least squares fit of the EC in Figure 17 to the EIS data is presented in Figure 18. As
shown in this figure, good agreement between the EC model and the experimental datafor W was
observed. Valuesfor R, C_, R, and C, from CNLSfits of the EIS data as a function of
solution pH and rotation rate at an applied potential of 0.20 V are presented in Table 1. Table 1

demonstrates that for all solutions C_ increased with increasing angular velocity. Anincreasein

C,, isequivaent to an decrease in the thickness of the adsorbed intermediate (C = ee /A/d, where d

isthickness). While the values for the adsorption pseudocapacitance in Table 1 appear to be high

compared to the capacitances associated with the double layer (10's of nf/cn?), these values for

C, are of the same order of magnitude as those pseudocapacitances observed for hydrogen
adsorption(52) and adsorbed Fe films on steel (51, 53). Although R, and R, decreased during
RDE experiments, in acidic solution the rate determining step for passive dissolution was always
the WO,(H,0), layer (i.e., R, was aways greater than R, in acidic solution).  In akaline
solution, R, decreased during RDE experiments to a value less than R, indicating that dissolution

was controlled by the adsorbed species in quiescent solution and by charge transfer at an angular

velocity of w2 = 14.5.
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Discussion

The results of thisinvestigation are consistent, in part, with the study of DiPaola et al.(54)
who found that the oxide on tungsten formed during anodic polarization in acidic solution had both
barrier and hydrated layers. In these studies, x-ray diffraction patterns from anodically formed
thick films on W indicated the presence of H,O(55). In our interpretation of this bi-layer film, the
oxide formed on W is believed to consist of 1) acompact inner layer of WO, (possibly crystalline)
and 2) an outer layer of WO,(H,0),, that isloosely bound. Moreover, the oxidation state of the
native oxide is W(V1), independent of applied potential.

The dissolution mechanism for W in acidic solution is governed by the outer WO,(H,0),
layer. In quiescent solution, anodic polarization results in the thickening of the hydrate layer as
shown by the SERS data where the ratio of hydrate to WO, was found to be a function of applied
potentia: at applied anodic potentia the fraction of oxide which exists as WO,(H,0), was
maximized while at applied cathodic potentials the fraction of WO, was maximized. As the
WG, (H,0), layer was determined to be the rate determining step in the dissolution mechanism (i.e.
Rs > Ry a thicker WO,(H,0), layer explains the relatively low i, observed in the
potentiodynamic polarization curves. In agitated solutions the hydrate layer thins, as demonstrated
by an increase in the adsorption pseudocapacitance and decreasein R,.. As may be anticipated, this

resultsin an increase in the dissolution rate (i. e. higher i ). Correspondingly, anincreasein i

was observed with increasing w. An increase in the passive dissolution rate with angular velocity

is consistent with areversible dissolution mechanism where dissolution is limited by the mass
transport of aloosely bound hydrated layer from the electrode surface(10). These resultsfor W in
acidic solution are also consistent with the observation that hydrates of WO, are more soluble than
the oxide itself(56). However, the mechanism by which hydration occursin acidic solution is
presently not understood. It isunclear if the increase in the ratio of WO, to WO,(H,0), during
cathodic polarization owes to dehydration, as would be indicated by an oxide thickness which was

independent of applied cathodic potential, or thinning of the WO,(H,0), layer.
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In alkaline solution the EIS data could be modeled by the same EC used to describe W
dissolution in acidic solution. In addition, i ., and the adsorption pseudocapacitance (at an applied
potential) increased with increasing angular velocity asthey did in acidic solution. However, the
SERS data clearly indicate that the dissolution mechanism in alkaline solution does not involve
WGQ,(H,0O), formation. Therefore, while the EIS model may describe how a surface species
behaves, it in no way sheds light on the nature of the species on the W surface. Moreover, while
the adsorption pseudocapacitance owes to the WO,(H,0), layer in acidic solution another species

must be responsible for this parameter in alkaline solution.

Summary

The SER spectrafor W in air and in acidic solution were dominated by three modes at
approximately 816, 885, and 942 cm™. The modes at 816 and 942 cm™ were associated with the
A, the vibrationa modes of WO, and WO,(H,0), respectively. Upon cathodic polarization of the
W electrode in acidic solution, an increase in the 816 / 942 peak height ratio was observed
indicating the oxide was becoming enriched in WO,. Upon anodic polarization of the W electrode
in acidic solution, a decrease in the 816 / 942 peak height ratio was observed indicating the oxide
was becoming enriched in WO,(H,0),. In addition, the oxidation state of the native oxide is
W(V1) independent of applied potential.

RDE experiments found that the passive current density for W in acidic solution increased
with the angular velocity of the electrode. An increase in the passive dissolution rate with angular
velocity is consistent with areversible dissolution mechanism where dissolution is limited by the
mass transport of aloosely bound WO,(H,0), layer from the electrode surface.

RDE-EIS experiments also demonstrated that the passive dissolution of W in acidic
solution was limited by mass transport. In these experiments the passive dissolution process was
associated with an adsorption pseudocapacitance owing to WO,(H,0),. The vaue of this
pseudocapacitance was found to increase with angular velocity indicating a decrease in the

thickness of the WO,(H,O), layer. Moreover, EIS experiments demonstrated that the rate
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determining step for the passive dissolution W in acidic was always the discharge of the adsorbed
Species.

From these results a theory describing the anodic dissolution of tungsten was formed. In
this theory the oxide on W is believed to consist of 2 layers, an inner barrier layer of WO, and an

outer hydrated layer consisting of WO,(H,0),.
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Table 1l ElIS parameters from the EC presented in Figure 5 for W as afunction of solution

pH. All datawere taken at an applied potential of +0.20 V SCE.

pH no rotation RDE: w"?=14.5
RCT R% Cas RC‘t Ras Cas
ohm'cn? ohm'cn? nF/cn? ohm'cn? ohmcn? nE/cm?
1.6 3530 2.14x10* 3400 1220 5550 7800
7.2 661 1.24x10% 8100 122 109 1.3 x10*
10.6 12 91 3.4 x10* 4 1 5.5 x10*
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Figure 1 High resolution SEM micrograph of tungsten after electroplating process. Micrograph
shows size and shape of gold spheres that produced SERS. It was noted that larger spheres and /
or acolumnar shape did not produce the Raman enhancing effect.
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Figure 2 SERS spectrafor W in air and in deionized water at the OCP (500 to 1100 cm™ region
only).
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Figure 3 SERS spectrafor W in air (background subtracted) and Gaussian curve fit. The
experimental data (diamond), individual peaks (dashed line), peak positionsin cm™, and sum-fit
(solid line) are presented.
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Figure 4 Raman spectrafor powders of WO, and WO,(H,O). Approximate peak positions are
also presented.
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0(2)

Figure 5 Diagram of one of the octahedra which existsin WO,(H,0),. Approximate bond
lengths and some of the many bending and stretching modes which are Raman active are also
shown.
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Figure 6 Optically polarized SERS spectrafor tungstenin air. Figures shows both the horizontal

component, 1, and the perpendicular component, |., of the scattered light (with respect to
polarization 011' the incident beam).
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Figure 7 Insitu SERS spectraof W as afunction of applied cathodic potential. (pH 1.6 H,SO,).
The number of each curve represents the order of experiments. The apparent shifting of the
composite peak in the 912 cm™ region of the plot is explained as a change in relative peak heights
of the 942, 897, and 816 cm™ peak heights.
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Figure 8 Pourbaix diagram for tungsten. This diagram was calculated for 10° M WO,?. Plot
also displaysthe potentials at which in situ SERS data were collected.
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Figure 9 SERS spectrafor W in H,SO, pH 1.6 at -0.510 V vs. SCE and Gaussian curve fit.
The experimental data (diamond), background (long dash), individual peaks (short dash), peak
positionsin cm™, and sum-fit (solid line) are present.
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Figure 10 Insitu SERS spectra of W as afunction of applied anodic potential. (pH 1.6 H,SO,).
In-air spectrum is also presented for reference. The number of each curve represents the order of
experiments. Note, the anodic SERS experiments were conducted after the cathodic experiments

(Figure 7).
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Figure 11 Ratio of the 942, 897, and 816 peak heights as a function of applied potential (vsthe
open circuit potential). The 816 and 942 cm™ peaks are associated with WO, and WO,(H,0),
respectively.
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Figure 12 Insitu SERS spectra of W as afunction of potential. (pH 10.6). In-air spectrumis
also presented for reference. The number of each curve represents the order of experiments.
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Figure 13 Potentiodynamic polarization curves for tungsten as a function of solution pH.
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H.,SO,, pH 1.6 at an applied potential of 0.20 V SCE.
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Figure 16 Nyquist plotsfor tungsten in borate buffer pH 7.2 showing the effect of rotation rate.

36



as
—7\/\/\/-
Rct
C as N/ N\ \ /f—
| | R sol
—_ |1 —/\/\/\ L

Figure 17 Equivalent circuit used to model tungsten EIS data, where: R, is the geometric
resistance due to the solution, R, is the resistance associated with charge transfer, C, is the
capacitance associated with the double layer, R, is the impedance associated with the discharge of
an adsorbed species, and C is the adsorption pseudocapacitance associated with the adsorbed

Species.
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Figure 18 Nyquist plot for tungstenin pH 7.2 w"?= 14.5 and CNLSfit of the EC in Figure 17
to thedata. Also shown are the X-intercepts of the some of parametersin the EC.
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